In exposure or risk assessments, both environmental and biological measurements are often used. Environmental measurements are an excellent means for evaluating regulatory compliance, but the models used to esimae body b n from ee arec Unless .ll possible routes of exposure (i.e., inhalation, derma abso n, inetion) are evaluated, eosure to a toxicant can be underestimated. To crcumvent this problem, measurements of the internal dose of a toxicant in blood, serum, urine, or tissues can be used sinlaly or in combination with environmentl data for exposure assessment. In three separate laboratories, carbaryl or its primary metabolite, l-naphthol, was measured i personal air, dermal samples, blood serum, and urine from farmer applicators and their fimilies. The u ess of both environmenl ad biological data has been demonstrated. For the farmer applicator, he environmental levels of carbaryl would have been sufficient to determine that. an exposure had occurred. However, biological measurements were necessary to determine the absorbed dose of eacmember of the applicator's family. In addition, a correlation between serum and urinary 1--naphthol measurements has been shown; therefore, either matrix can be used to accurately evaluate occupational carbaryl exposure.
Carbaryl is one of the most widely used industrial insecticides (1) . In 1988, about 25 million pounds of carbaryl was applied to crops on farms in the United States to eliminate chewing and sucking insects (1) . Carbaryl does not generally linger in the environment. It is readily absorbed into the soil, where it quickly breaks down, and does not leach into groundwater. For these reasons, residual levels of carbaryl in the environment are not believed to be hazardous to the general population.
Agricultural workers, however, are often exposed to much greater levels of carbaryl than the general population. Because exposure symptoms associated with cholinesterase inhibition usually appear long before toxic quantities of carbaryl are absorbed, acute poisonings involving carbaryl are rare. Although toxic quantities are rarely absorbed in occupational settings, improper use of safety equipment (i.e., gloves, respirators, protective clothing) may lead to high-level exposures to carbaryl.
In humans, carbaryl does not accumulate in tissues or persist in blood. It is quickly metabolized into a nontoxic compound, 1-naphthol, which is excreted in urine as the glucuronide or sulfate ester (2) . The body burden of 1-naphthol as measured in urine or serum is the most common indicator of exposure to carbaryl.
Carbaryl exposure may also be evaluated indirectly by measuring (10 ml) were prepared according to a previously published method that involved solvent extraction and chemical derivatization (6) . The derived extracts were analyzed by gas chromatography coupled with isotope-dilution, low-resolution tandem mass spectrometry (7). Two ions were monitored for both the native 1-naphthol and the 13C-labeled analogue. One ion was used for 1-naphthol quantification and the other for analyte confirmation. The calculated concentrations of unknowns were normalized on the creatinine content in each urine specimen. The LOD [calculated as three times the standard deviation at zero concentration(3so)] of the method was 1.2 pig/l (ppb) with an average CV of 7.5% on repeat measurements of unknown samples at concentrations spanning the entire linear range.
Serum analysis. Serum samples (8 g) were prepared according to an established method (J.R. Barr, unpublished data) involving protein denaturation and solid phase extraction (SPE). 1-Naphthol concentrations in the serum extracts were analyzed by gas chromatography and isotopedilution, high-resolution mass spectrometry U.R. Barr, unpublished data). The LOD (3so) of the method was 19 ng/l (ppt) with an average CV of 19% at 100 ng/l. Data analysis. All data were evaluated statistically with SAS statistical software (SAS Institute, Cary, NC). Most of the data points available for correlation analyses were very near the LOD. To avoid using a very skewed distribution of data points in statistical analyses, only quantitative data above the limit of quantitation (LOQ; 10so) (8) of the biological methods were used in correlation evaluations. The elimination of the data between the LOD and LOQ did not critically affect the correlation analysis or its significance. Pearson correlations were considered significant ifp<0.05.
Results and Discussion
Of the six farmer applicators studied, only one was actively applying carbaryl on his crops at the time of monitoring. The carbaryl and 1-naphthol concentrations measured in environmental and biological samples associated with this applicator are shown in Table 1 . Only biological data (not shown) were obtained from those farm applicators and families from farms on Both morning and evening urine samples were obtained on the application day, whereas only an evening serum sample was obtained. The dashed line indicates that a data point (application day morning sample) is missing in the serum profile.
1-naphthol concentrations of biological samples obtained on the same days rise at similar rates as the environmental samples. The biological measurements of samples from the carbaryl applicator showed a distinct elimination pattern (Fig. 2) . The serum uptake/elimination profile was consistent with the expected profile (9) . Before pesticide application, the serum 1-naphthol level of this applicator was higher than that of applicators from farms that did not apply carbaryl. Following carbaryl application, the serum 1-naphthol concentration of the applicator had increased by about three orders of magnitude, peaking at about 0.5 mg/l (ppm). In addition, approximately 100 The results of the environmental measurements for the carbaryl applicator suggest overt occupational exposure (Fig. 1) . All environmental measurements taken the day carbaryl was applied were significantly higher than those taken before application, and all environmental measurements appeared to increase at similar rates. A regression analysis of the sampling day versus the log of the carbaryl concentration of all environmental samples produced a coefficient of determination (X2) of 0.85, indicating an agreement between the measurements. In addition, the urinary and serum Environmental Health Perspectives * Volume 105, Number 5, May 1997 Articles -Shealy et al.
was detected in the application day serum sample from the applicator. His serum 1-naphthol level decreased in the 2 days following exposure until it closely approached the preapplication level.
The carbaryl applicator's urinary 1-naphthol level was consistently higher than his serum 1-naphthol level (Fig. 2) . The creatinine-adjusted urinary 1-naphthol concentration in the applicator (preapplication sample) was about 250 pg/g creatinine, which is significantly greater than the 95% percentile reference range value of 36 pg/g creatinine (10, 11) . On the morning before application, the urinary 1-naphthol concentration dropped almost 50% from the previous day, although the level was still over three times the reference range. This decrease could possibly be a result of continued elimination from a previous exposure. After carbaryl application, the applicator's urinary 1-naphthol concentration rose sharply and peaked at 22,000 p'g/l (9, 300 pg/g creatinine), a level comparable to other reported occupational carbaryl exposures (12, 13) . As the applicator's serum 1-naphthol levels dramatically decreased in the days following application, the urinary 1-naphthol level remained much higher than that of preexposure samples as 1-naphthol was being eliminated from the body.
Urinary 1 -naphthol measurements were also obtained from the applicator's spouse and two children. The 1-naphthol levels in the spouse and first and second child approximately doubled following carbaryl application (from 13, 7.4, and 8.1 pg/g to 27, 12, and 19 1.g/g creatinine, respectively), indicating exposure to carbaryl during its application on their farm; however, the values were low and within the reference range of the U.S. population. Neither the indoor air concentration of carbaryl, which is representative of the personal air concentrations of the family members, nor the house dust levels appeared to increase upon application of carbaryl on the farm, so it is unlikely that this would be the source of the low-level exposure in family members. Even at the low levels observed, the exposure of family members to carbaryl applied on the farm warrants further study.
A Pearson correlation analysis of the log serum and log urinary 1-naphthol concentrations in the same individuals showed good correlation between the two methods (1?2 = 0.945, p = 0.0003). A plot of the method correlation is shown in Figure 3 . The number of data points for this analysis is small; therefore, corresponding data may not be accurately interpolated from the resultant regression line. However, the good correlation between serum and urinary concentrations of 1-naphthol suggests that accurate assessments of carbaryl exposure can be obtained from either medium. When there is no significant measurement bias between biological matrices, the noninvasive sampling techniques used in urine collection are often preferred because samples are easier to obtain, especially from children. Additionally, a Pearson correlation analysis of handwipe carbaryl and urinary 1 -naphthol in the same individuals correlated well (R2 = 0.997, p = 0.0003). A plot of this correlation is shown in Figure 4 . With three of the four data points close together at lower concentrations, the correlation was largely determined by a single data point. However, as shown in the inset (Fig. 4) , the data correlate well (R2 = 0.996, p = 0.003) even when the high value is omitted. This correlation suggests that handwipe measurements may accurately reflect the change in internal dose of carbaryl following an exposure.
Although primarily associated with carbaryl elimination, urinary 1-naphthol is also attributed to naphthalene exposure, especially from cigarette smoke (14, 15) .
When 1-naphthol is mainly derived from naphthalene, a correlation usually exists between it and 2-naphthol, a secondary metabolite of naphthalene (11) . A poor correlation between the two geometric isomers of naphthol is indicative of another 1- 2-naphthol concentration in application and nonapplication samples are shown in Figure 5 . A Pearson correlation analysis of each subgroup was performed (Fig. 5 ). sufficient to decide whether an exposure had occurred. However, biological measurements were necessary to determine the extent of the toxicant absorbed in each member of the farmer applicator's family. A strong correlation between serum and urinary 1-naphthol measurements has been shown. This correlation indicates that either matrix can be used to accurately evaluate occupational exposure. In theory, since there was good agreement among the environmental and biological measurements, additional data points could be used to construct a curve from which environmental measurements could be used to estimate body burden.
